Domain walls in ferroelectrics and ferroelastics often present peculiar functional properties, offering an intriguing route toward the design of nano-devices. Here we use first-principles simulations to illustrate an approach for engineering such walls, working with representative ferroelastic perovskites LaGaO 3 and CaTiO 3 (insulating, non-magnetic, non-polar). We show that a wide range of substitutional dopants can be used to create long-range-ordered structures confined within the walls of these compounds, yielding functional interfaces with tailor-made properties. We thus identify clear-cut strategies to produce metallic walls within an insulating matrix. Further, we find ways to create magnetic walls that also display ferroelectric order (proper or improper), thus providing an original route to obtain magnetoelectric multiferroics. Given the recent developments on the preparation of high-density domain structures in perovskite films, our results suggest a definite path toward new functional nano-materials. 
INTRODUCTION
In the search for new functional nano-materials, the structural domain walls (DWs) of ferroelectric and ferroelastic compounds stand out as an intriguing possibility. [1] [2] [3] [4] These DWs can be prepared in very dense and well-ordered arrays-e.g., by growing thin films on appropriate substrates-so as to occupy a significant volume fraction of the sample. Further, they can be manipulated in increasingly precise and flexible ways, [5] [6] [7] raising hopes of a potential dynamical control. Finally, their properties often differ from those of the domains themselves as, e.g., they are typically observed to be much more conductive. [8] [9] [10] [11] Hence, structural DWs may open the door to the design of novel, actable, functional nano-materials. This engineering strategy is best captured by the motto "the wall is the device", and is a major focus of attention for the community working on ferroics, particularly ABO 3 perovskite oxides and related compounds.
The unique DW properties mostly derive from their peculiar structure. Domains in stable low-energy configurations meet (clash) at the DWS, forcing the DW atoms to adopt unusual highenergy arrangements that would not occur otherwise. Hence, it is no surprise the properties (structural, electronic, magnetic, optical) differ from those of the domains. Also, DWs can be expected to be the preferred location of all sort of point defects, chiefly oxygen vacancies in perovskite oxides, which probably explains most of the observed cases of enhanced conductivity. [10] [11] [12] In fact, DWs can even host ordered arrays of defects, as, e.g., was found in TbMnO 3 thin films: Farokhipoor et al. 13 observed that the walls in their samples have a distinct stoichiometry, with half of the Tb cations substituted by Mn's and forming a unique functional interface-arguably, a genuine two-dimensional (2D) crystal-for which no analogue seems to exist in bulk form. Further, this chemical substitution gives the TbMnO 3 walls peculiar magnetic properties, which were characterized experimentally and explained theoretically in the cited work. Hence, according to ref. 13 and other experimental works, 14, 15 not only can we expect different behaviors at structural DWs, but we can also attempt to create completely new nano-materials within them.
Here we use first-principles methods based on density functional theory (DFT) to explore the use of chemical doping to create functional interfaces at the domain walls of common ferroelastic materials. Our results provide ample support for this materials-design strategy, predicting the spontaneous occurrence of long-range-ordered substitutions for a large variety of dopants. Further, we identify specific strategies to obtain walls with allimportant properties, including conductivity and magnetoelectric multiferroism.
RESULTS

Preferential doping at domain walls
We focus our attention on the most common phase in the perovskite family, namely, the orthorhombic structure characterized by a combination of antiphase (about the pseudo-cubic [110] axis) and in-phase (about [001]) rotations of the O 6 oxygen octahedra (see Fig. 1 ). This phase has space group Pbnm and is characterized as "a − a − c + " in Glazer's self-explanatory notation. 16 This is the phase of TbMnO 3 , the material investigated in ref. 13 , and is also the structure displayed by about half of all perovskite oxides at ambient conditions. 17, 18 Here we consider representative compounds (mostly LaGaO 3 , as well as CaTiO 3 and TbMnO 3 for additional tests) that are well known and widely available, to emphasize the generality and experimental feasibility of our predictions.
Thin films of Pbnm perovskites tend to present ferroelastic domains that help accommodate the strain imposed by the substrate. In Fig. 1 , we show an example of the type of ferroelastic walls typical of such multi-domain states; more specifically, the walls sketched in the figure are essentially those characterized experimentally in TbMnO 3 , 13 and will be our focus of attention here. Further, as emphasized in Fig. 1 , the Pbnm phase presents a pattern of A-cation displacements yielding compressed and expanded sites at its ferroelastic wall. The authors of ref. 13 proposed that such steric constraints are key to the observed long-range-ordered chemical substitutions at the walls of TbMnO 3 , postulating that it is energetically favorable for relatively small cations (Mn 3+ in their case) to occupy the compressed A p and A t sites. Here we corroborate the correctness of such an interpretation, and its relevance to other cases.
We work with the structural model in Fig. 1b of a DW in LaGaO 3 and CaTiO 3 , and compute the energy of various substitutional defects (small cations belonging to the first row of 3d transition metals, as well as a few 4d and 5d elements) at A sites located at and around the DW. (See Methods and Supplementary Fig. 1 for details of the simulations.) Typically, for 3d dopants replacing La, we find that substitution at the compressed DW site is favored by 0.2-0.6 eV as compared with a substitution inside the domain, and by at least 0.1 eV as compared with a substitution at an expanded DW site. (In a few cases we find that substitution within the domain is competitive with substitution at the expanded DW site. We also consider substitution for Ga, and obtain no significant difference between domains and walls.) In addition, we find no clear trend regarding the occupation of the tetrahedral (A t ) vs square-planar (A p ) compressed sites; preference for one or the other depends on the particular 3d dopant and involves relatively small energy differences. Our calculations for 4d and 5d elements yield the same general conclusions; yet, we find that energy differences can be larger (up to 1 eV) in those cases, which can be traced back to the fact that the bigger 4d and 5d cations sometimes adopt particularly stable low-spin states at the compressed DW sites. (With the exception of some cases involving Co and Ni, for the 3d dopants we always obtain high-spin states from our simulations; see Supplementary Tables 1 and 2 for details).
We must note that, for all dopants considered, it was all but impossible to obtain a systematic collection of defect formation energies, e.g., as a function of distance to the DW and A site at which the substitution occurs. The difficulty pertains to the simulation of defects within the domains or at expanded DW sites: Frequently, our simulated annealing and ensuing structural relaxation results in some sort of atomic rearrangement (e.g., a shift of the DW plane) so that the dopant ends up located at a compressed site. This somewhat surprising outcome further emphasizes the preference of the dopants to occupy the A p and A t compressed positions at the DWs. In Supplementary Tables 3  and 4 we include details of our calculations for Ti and Fe dopants in LaGaO 3 , respectively, which are representative of most of the cases here considered. We also include our results for Cr and Re (Supplementary Tables 5 and 6 , respectively), which feature some of the most spectacular dopant-induced structural rearrangements observed. (Cr's case is unique: it always forms a strongly distorted structure whose energy is largely independent from the position of the dopant at either wall or domain.) In addition, Supplementary Table 7 shows the case of V dopants in CaTiO 3 , which are representative of our results for this compound and corroborate our conclusions from the LaGaO 3 case. (Because CaTiO 3 displays a more robust structure of O 6 tilts, treating this material is comparatively easy.) Finally, our calculations for TbMnO 3 (not shown here) corroborate the preferential substitution at the compressive site (by about 1 eV per dopant) observed experimentally in ref. 13 . Hence, a first conclusion can be reached: Doping Pbnm perovskites with relative small transition-metal atoms is a viable strategy to create functional interfaces at their ferroelastic domain walls. Indeed, our stability calculations suggest that the investigated materials will try to accommodate the dopants by forming long-range-ordered substitutions at the compressed A sites of their ferroelastic walls, exactly as observed in TbMnO 3 .
13 Related 2D defect structures have been reported in other materials, 14, 15 further supporting the experimental feasibility of the DWengineering concept here proposed.
To conclude this part, let us note that the above results suggest that our DWs will be pinned by the dopants, and we do not expect them to be easily mobile. Hence, any envisioned application should rely on the functional properties of static walls or groups of walls, in principle excluding the possibility of a dynamical reconfiguration of the multi-domain structure. Note, nevertheless, that our energy calculations do not permit a conclusive discussion of the kinetics of DW motion; for that, one would need a quantification of the associated energy barriers. A realistic calculation of such activation energies would require very large unit cells and costly transition-path optimizations, and is beyond the scope of the present work.
Functional properties of doped walls Let us now discuss the physical properties of the chemically modified DWs with dopants at the compressed A sites. We focus on the case of LaGaO 3 , an ideal material to host active DWs as it is particularly inert by itself. (Structurally, LaGaO 3 presents the orthorhombic a − a − c + phase in a wide range of temperatures and pressures, 19, 20 and has no tendency toward ferroelectricity; electronically, LaGaO 3 is a non-magnetic insulator with a wide calculated gap of about 3.9 eV.)
Let us begin by noting that, by itself, the ferroelastic wall here considered has a negligible impact on the electronic structure of the pure compound. This can be easily appreciated by comparing the calculated electronic density of states of pure LaGaO 3 in Fig. 1 ). Hence, the electronic effects discussed below can be attributed to the dopants, not to the presence of a wall. Figure 2 shows a selection of our results for LaGaO 3 . Let us begin by noting that we find many insulating solutions, but we also get some metallic and half-metallic configurations. Figure 3 shows the computed electronic density of states for representative cases, namely, V-doped (insulating), Mo-doped (half-metallic), and Os-doped (metallic). Generally, we find that first-row transition metals tend to yield insulating states, which is consistent with their spatially localized 3d electrons and the relatively low symmetry of the A p and A t environments resulting from our structural relaxations. (Our relaxations are unconstrained symmetry wise, and guarantee the removal of electronic degeneracies in Jahn-Teller active species, if energetically favorable.) In contrast, we obtain metallic (Mo, Ru, Os) or marginally insulating (Re) solutions when more extended (4d, 5d) electrons are involved. (See Methods for a comment on these metallic states.) Thus, from a functional point of view, we reach a first relevant conclusion: It is possible to create metallic DWs in an insulating matrix by using 4d and 5d transition metals as dopants.
Let us stress that obtaining such highly conductive walls in a controllable manner is critical to some recent and exciting proposals of new electronics architectures based on ultra-dense inter-connected networks. Our results suggest that, by suitable doping, common ferroelastic perovskites may offer a convenient platform for such endeavors. As regards the nature of the conductivity in our walls, our results for the 4d and 5d dopants have traits (e.g., relatively small local magnetic moments) of a significant hybridization between the d orbitals of the metal and the surrounding oxygen-2p orbitals, which suggests dispersive conductive bands and regular metallic behavior (i.e., band conductivity as opposed to activated hopping). However, a more detailed investigation of the electronic structure of our metallic DWs (which entails a considerable computational cost) would be required to elucidate this issue. Figure 2 also reflects the fact that most of our doped DWs are magnetic. Indeed, we find both parallel (ferromagnetic or FM, e.g., for V and Cr) and anti-parallel (ferrimagnetic or FiM, e.g., for Co and Mo) arrangements of the dopants' spins. Note that the DW dopants have very peculiar oxygen-coordination environments that differ from what is typical in perovskites and, more generally, in oxides. (For example, the planar A p O 4 structures of Fig. 1c are unheard of for most transition metals.) A detailed analysis of the mechanisms favoring particular magnetic interactions for particular dopants would be far from trivial, and falls beyond the scope of this work. Here we merely mention some remarkable aspects of our results. For example, we find some FiM metallic solutions (Mo, Ru) as well as some FM insulating ones (V, Cr). This correlation is unusual among perovskite oxides, as super-exchange interactions favoring anti-parallel (FiM) spin alignments are typically dominant in insulators, while mechanisms favoring parallel (FM) spins tend to require (and dominate when we have) a metallic character. Further, our quantitative results suggest considerable effective exchange constants J eff in some cases (e.g., for the FM order in Vdoped walls, or for the FiM order in Co-doped walls), indicating relatively strong magnetic couplings. (See Supplementary Note 1 for an analysis of the magnetic interactions in the case of Crdoped LaGaO 3 , and a justification of the fact that in Fig. 2 we report a single effective coupling J eff between first-neighboring spins.) Hence, from a functional point of view, we have a second relevant conclusion: It is possible to create magnetic DWs in a non-magnetic matrix, including ferromagnetic insulating (and ferrimagnetic metallic) order, and featuring relatively strong magnetic interactions.
In addition, let us highlight a sticking structural and functional aspect. In some of our DWs, there is a clear off-centering of the doping cations, yielding a distortion that is analogous to those responsible for ferroelectricity in perovskite oxides like BaTiO 3 Fig. 2 Summary of results. Representative results obtained for DWs of LaGaO 3 doped with the indicated transition-metal atoms. We show the relaxed structures of the compressed DW sites A t and A p . We specify the magnetic moment of the dopant as quantified by a projection onto atomic-like orbitals (see Methods), the lowestenergy magnetic order, and the effective exchange interaction between nearest-neighboring spins. Note that for Co, Mo, Ru, and Os, the observed lowest-energy anti-parallel spin alignment yields a ferrimagnetic (FiM) order, as the A t and A p sites display different magnetic moments We give the total DOS (black line), dominated by the contribution of the domains, as well as the partial DOS corresponding to the dopants at the walls (red and cyan lines for dopants at the A t and A p sites, respectively) or PbTiO 3 . 21 The situation is best appreciated by comparing the Co-doped and V-doped walls shown in Fig. 2 : in the former, both Co p and Co t cations are at high-symmetry positions (for example, Co p is at the center of an essentially planar O 4 square); in contrast, in the latter the V cations move off-center, the situation being particularly clear for V p .
The presence of a polar distortion at this kind of DW is not a surprise in itself: this is a ferroelastic boundary in which, by construction, inversion symmetry is broken and a polar distortion must exist, although it may be very small. (See sketch in Fig. 4a . For a theoretical discussion of ferroelastic walls in CaTiO 3 and SrTiO 3 , see refs. 22 and 23 , respectively.) Note that this polarity can be viewed as arising from flexoelectric couplings, i.e., the linear polar response to a strain gradient; indeed, because of the flexoelectric response, which is active in all materials, the finite strain discontinuity at a ferroelastic wall must necessarily produce a net electric polarization. In our case, an approximate estimate of the dipole moment associated to the DWs of pure LaGaO 3 yields about 1.29 eÅ per group of four La cations, where e is the elemental charge. (See Methods for the details of our polarization calculations.) Interestingly, this so-called improper polarization cannot be switched by application of an external electric field at the DW; rather, in order to switch such a DW polarization, we would need to act on the domains that give rise to the polar ferroelastic wall, and not on the DW itself.
However, in the V-doped DWs there is clearly an extra polar distortion. Here, we obtain a dipole moment of about −4 eÅ per group of four A cations at the wall (equivalently per dopant pair). Further, by reversing the off-centering of the V atoms, it is possible to identify the switched polarization state as a local minimum of the energy. Interestingly, for the reversed state we calculate about 1.5 eÅ; as shown in Fig. 4b , this means that the dipole change between these two states is~5.5 eÅ, with the mid-point between them (λ = 0 in the figure) having an electric dipole of about −1.25 eÅ, which roughly coincides with the value of the built-in improper DW dipole. Similar results are obtained for other dopants, and in Fig. 4c we report the case of Ti as a second representative example. Then, we can compute the potential wells (double well for Ti, triple well for V as shown in Fig. 4 ) that are characteristic of proper ferroelectricity, and even estimate the coercive fields necessary to make the DW polarization switch. (For example, following the procedure described in the caption of Fig. 4 , we obtain about 11 MV/cm for Ti-doped walls.) We thus reach a new conclusion regarding DW engineering: By doping, it is possible to create ferroelectric DWs, with a sizeable and switchable polarization, within a paraelectric matrix.
While the above discussion is focused on the functional properties of the DWs of LaGaO 3 , we should note that we obtained qualitatively similar results for the doped CaTiO 3 boundaries (see Supplementary Table 2 for a summary). However, Fig. 4 Ferroelectric switching at doped walls. a Sketch of the symmetry breaking at our ferroelastic walls (the shear strain η xy changes sign from domain to domain), emphasizing that they present an improper polarization P imp DW by construction. Note that the polarization of a wall cancels out with that of the next wall, so that the macroscopic dipole is null. b Computed energy and electric dipole (d α , where α = x, y, z are the pseudo-cubic directions) as a function of the off-centering of the V cations at the DWs of LaGaO 3 (see text for details). The variable λ gives the position along a path that connects the two essentially equivalent polar states, located, respectively, at λ = −1 and λ = 1. In the case of the energy, the points represent the first-principles data, and the line is the result of fitting these data so a 6th-order Landau-like polynomial function. c Same results for the Ti dopant, using a 4th-order polynomial in this case. Energies and dipoles are normalized per A t -A p dopant pair. Dashed horizontal lines indicate the value of the improper electric dipole obtained for the undoped wall of LaGaO 3 . The switching fields can be estimated from the ratio ΔE/Δd, where ΔE is an energy barrier associated to the dipole change Δd as regards the magnitude of the effects observed, the doped walls of LaGaO 3 yield generally stronger ones, which is the reason of our focus on this material. Note that there are several possible reasons for such quantitative differences (e.g., steric, as La 3+ is larger than Ca 2+ , or electronic because of the different nominal valences); a detailed analysis remains for future work.
DISCUSSION
It is interesting to note that many of our doped DWs combine two or more of the properties mentioned above, and constitute genuine multi-functional objects. Most interestingly, our magnetic walls are always multiferroic. Indeed, because they are ferroelastic, they all present an improper polarization; thus, they are somewhat analogous to the so-called "Type II" multiferroics such as TbMnO 3 , 24 notwithstanding the fact that in such compounds the electric polarization is driven by the magnetization itself. In turn, the DWs presenting proper switchable ferroelectricity are genuine "Type I" multiferroics, as prototype material BiFeO 3 . 25 Given the scarcity of such compounds, it is important to emphasize that it may be possible to obtain new magnetoelectric multiferroics, and even choose their character, by doping common ferroelastic perovskites.
It is also worth mentioning that, while in some cases we obtain relatively strong magnetic interactions at our doped walls, the existing information does not allow us to estimate the spinordering temperature in a reliable way. The main difficulty relates to the reduced dimensionality of our peculiar spin system, which poses the question of whether the Mermin-Wagner theorem, 26 which states the absence of order in 1D and 2D spin systems governed by an isotropic Heisenberg model, applies or not in this case. To elucidate this issue, one needs to take into account the magnetic anisotropy associated to our DW spins. This would require an explicit relativistic calculation treating non-collinear magnetism; unfortunately, because of the large size of our simulations supercells, this is not feasible at the moment and, hence, an investigation of magnetic ordering at our DWs remains for the future.
While the focus of this work is on the effect of the dopants at the ferroelastic walls, we should point out that our first-principles results have interesting connections with (and may allow to benchmark) previous theories of this type of boundaries. Especially interesting are the works based on Ginzburg-Landau approaches, 23, [27] [28] [29] which discuss in detail the properties of the improper polarization naturally occurring at ferroelastic walls, and the couplings responsible for it. The phenomenological works also permit the investigation of situations that, because of the large supercells that would be required, are beyond the scope of current DFT simulations. One such example pertains to the behavior of the ferroelastic walls near the surface of the material, 28, 29 where a broadening and enhanced electric conductivity (which would be important in eventual applications of the DW functionality) is expected. First-principles simulations, which by default contain all the physical ingredients present in the phenomenological models, would be ideal to ratify or refine such interesting predictions. However, such large-scale DFT calculations are all but unfeasible today, and remain as a challenge for the future.
Our results suggest a few trends regarding the DW functionality that can be induced by different dopants, which can be used as guidelines for DW design. For example, we find that 3d dopants tend to render insulating solutions, which 4d and 5d elements yield conductive walls. Also, we observe that smaller atoms (Ti, V, Cr) result in proper ferroelectric order at the DWs; in contrast, bigger ones remain in more symmetric configurations, so that the polarity of the corresponding (ferroelastic) walls is improper. Beyond these clear and physically sound trends, our results do not lend themselves to any simple interpretation. For example, as regards the computed magnetic interactions, we are currently unequipped to deduce general behaviors from our calculations, for two reasons; on one hand, we lack the basic theory (and ensuing expectations) to understand magnetic couplings between transition-metal atoms in such peculiar atomic environments; on the other hand, as stressed in the Methods section, the calculation of the magnetic couplings is most challenging for a first-principles scheme, and our quantitative results should be taken with caution (particularly for trouble atoms like V, Co, or Ni). Progress in this direction would probably require the use of more advanced and computationally costly first-principles methods, and is beyond the scope of the present work.
Finally, we should emphasize that the results discussed here are just a succinct summary of our findings and future possibilities. For example, among the investigated walls we also find cases in which proper ferroelectric distortions and metallicity occur simultaneously, thus yielding "polar metallic" behavior 30, 31 within a paraelectric insulating matrix. (See, e.g., the case of V-doped DWs in CaTiO 3 in Supplementary Table 2 ). Further, many of the discussed DWs are candidates to present additional interesting properties (e.g., optical, magnetoresistive) and cross-coupling effects. Finally, as regards the materials in which these concepts might be realized in practice, let us stress that our results for LaGaO 3 should be relevant to a large family of very common perovskites, such as LaFeO 3 , LaCrO 3 and, more generally, all related orthorhombic compounds (ferrites, chromites, nickelates, manganites, titanates) with relatively large A cations (e.g., La, Pr, Nd, Sm). We thus believe that it will be experimentally feasible to pursue the striking effects described here, and even more exotic ones. For example, by working with orthorhombic nickelates, we may use a matrix that undergoes a metal-insulator transition, and may exploit non-trivial interactions between domains and walls. Hence, we hope our results will motivate efforts to implement this original strategy for creating functional nano-materials.
METHODS
For the first-principles calculations we use density functional theory (DFT) as implemented in the VASP code. 32, 33 The electronic wave functions are treated in a plane-wave basis cut off at 500 eV. The ionic cores are treated within the projector augmented wave (PAW) approximation, 34 and we solve explicitly for the following electrons: 5s, 5p, 5d, and 6s for La; 3s, 3p, and 4s for Ca; 3d, 4s, and 4p for Ga; 3s, 3p, 3d, and 4s for Ti; 3s, 3p, 3d, and 4s for V; 3p, 3d, and 4s for Cr; 3s, 3p, 3d, and 4s for Mn; 3p, 3d, and 4s for Fe; 3d and 4s for Co; 3p, 3d, and 4s for Ni; 4p, 4d, and 5s for Mo; 4p, 4d, and 5s for Ru; 5p, 5d, and 6s for Re; 5p, 5d, and 6s for Os; and 2s and 2p for O. The so-called "PBEsol" (generalized gradient approximation revised for solids 35 ) exchange-correlation functional is used.
In order to better treat the strong correlations typical of 3d electrons, the so-called "Hubbard U" (DFT + U) correction 36 is adopted, using U = 3 eV for all transition metals of the first row. In contrast, we do not use any such correction for 4d (second row) and 5d (third row) elements. These choices, particularly our using the same U = 3 eV correction to all 3d atoms, may seem questionable; yet, we think they are the best option in an exploratory investigation like the present one, for the following reasons. Note that using U values between 2 and 4 eV is a well-tested correction for studies of ferrites, chromites, and manganites (see refs. [37] [38] [39] and references therein), and even for challenging cases like nickelates, as it has been found that a small-U correction successfully describes the magnetic and electronic properties of these compounds. 40 Also, the weakly correlated nature of 4d and 5d cations has been shown in materials like SrRuO 3 41,42 and LiOsO 3 , 43 for which uncorrected DFT yields good agreement with experiments. It is nevertheless unclear whether we can apply to the present case the observations of previous DFT + U studies of perovskite oxides, as the chemical environment of the cations in our DWs is very different from the case that is best studied, i.e., transition-metal atoms within octahedral O 6 cages. Strictly speaking, if we wanted to run predictive DFT + U simulations of our doped DWs, we would need an explicit calculation of the U correction for each of the cases here considered. To further complicate things, note that the very use of the DFT + U scheme would be questionable in some cases. Indeed, for species that are likely to present H.J. Zhao and J. Íñiguez electronic states other than the high-spin configuration (e.g., Co 3+ as well as the heavier 4d and 5d cations), one might in principle need different U corrections for different spin states; but then, if we need to use casedependent exchange-correlation potentials, comparing energies is all but impossible. For all these reasons, resorting to a different simulation scheme, e.g., one based on hybrid functionals, 35 would seem mandatory to obtain more reliable results. However, the plane-wave hybrid-functional implementations available to us involve a great computational burden, and are not ready to tackle the big simulation boxes required in our DW investigations. Hence, they are not an option today.
Thus, all things considered, we believe our blunt choice for the Hubbard-U correction is reasonable for an exploratory investigation like this one; we do not think there is a feasible and reliable way to do much better and, thus, we would rather avoid conveying the impression that we can fine tune our selections. Consequently, we must stress that some of the obtained results must be taken with a grain of salt, as we only expect them to be indicative of general trends. For example, the magnetic interactions are known to be very sensitive to the treatment of strong correlations, and we do not expect the particular values obtained to be very accurate. Also, as mentioned in the text, we obtain metallic (Mo, Ru, Os) or nearly metallic (Re) solutions for the DWs doped with 4d and 5d elements; yet, we should note that a more careful treatment of their electronic correlations might result in gapped solutions in some cases. Finally, following the usual practice in investigations of perovskite oxides, [44] [45] [46] we do not use any U correction for the empty 4f electrons of La. Nevertheless, we explicitly checked that a correction of these levels has a negligible impact in the computed equilibrium structures.
A 160-atom supercell (a 8 × 2 × 2 multiple of the elemental perovskite unit, assuming a pseudo-cubic setting) is considered in most of our calculations, with a corresponding mesh of 1 × 3 × 3 k-points to sample the Brillouin zone. For each doping case, two magnetic structures are considered, i.e., with parallel and anti-parallel spin alignment between planar and tetrahedral doping sites. In order to get (local) energy minima, annealing calculations are run for each configuration; the resulting structures are then fully relaxed until the forces acting on each atom fall below 0.01 eV/Å. These calculation conditions are on the verge of what we can tackle computationally, and yield quantitatively converged results for all the insulating DW states. Regarding the metallic cases, we can expect reliable results for the basic structural and electronic features; yet, the used k-point grid is probably not dense enough to get converged quantitative results for more challenging quantities, as for example the magnetic couplings.
We also run simulations of the undoped wall of LaGaO 3 using a 320-atom supercell (a 16 × 16 × 2 mutiple of the elemental perovskite unit). By comparing the results obtained for 160-and 320-atom supercells, we conclude that the DW atomic and electronic structures are very well converged for the smaller simulation box. In contrast, the computed DW energy is not fully converged for the 160-atom cell: it varies from 74 to 87 mJ/m 2 when increasing the supercell size, suggesting that our DWs are still elastically coupled in the 160-atom box. Note that this is not a concern in the context of the present work, which is focused on the local properties of doped DWs; yet, it may certainly warrant further consideration in the future.
The magnetic moments in Fig. 2 are obtained by projecting the occupied electronic wave functions onto atom-centered orbitals employed within the PAW scheme as implemented in VASP. This usually yields localized moments that are significantly below their nominal values, a result that can be partly attributed to a certain degree of hybridization (covalent bonding) with neighboring anions, and partly to the use of an incomplete local basis for the projections. Thus, our quantitative results for the magnetic moments have to be interpreted with caution; yet, they do reflect the occurrence of (dis)similar spin states between A t and A p sites.
To compute electric dipoles we proceed in the following way. We consider a centro-symmetric configuration (typically, the cubic perovskite phase, which is assumed to have zero polarization) and calculate the distortion that connects it with the multi-domain configuration of interest. Then, by multiplying displacements of specific ions by their nominal ionic charge (e.g., +3 for La and Ga cations, −2 for oxygens, +3 for all our dopants), we obtain the corresponding local electric dipoles. Note that this approximation can be expected to yield approximate, but relatively small, dipole magnitudes. (In perovskite oxides, an accurate calculation of the atomic Born effective charges, using Berry's phase theory of polarization, 47 usually yields values that exceed the nominal ones 48 .) Yet, our approach is particularly convenient when working with large supercells for which more accurate calculations would be computationally costly, which is why we adopt it here.
We used the matplotlib 49 and VESTA 50 softwares to prepare some of the figures.
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